THE theoretical aspects of this problem have been dealt with by Mapleson (1960) . The experiments in the laboratory and the observations in the operating theatre recorded in this paper were devised to check his conclusions and to lead the way to the clinical conclusions of Mushin and Galloon (1960) .
The behaviour of the two types of closed circuit as denned by Mapleson was investigated. In the first, the patient's respirations pass through the vaporizer (vaporizer inside the breathing circuit): examples of this type are shown in figure 1, b-d. In the other, the vaporizer is in the fresh-gas supply line but outside the path of the patient's respirations (vaporizer outside the breathing circuit; figure 11).
VAPORIZER INSIDE THE BREATHING CIRCUIT

Laboratory Experiments Method.
Three arrangements, of the vaporizer, the absorber and the fresh-gas input, commonly used in this country were investigated: the Boyle Mark II Circle ( fig. 1, b) , the Marrett Circle ( fig. 1, c) , and the M.I.E. Circle ( fig. 1, d ). All were standard models taken from the operating theatres and used without modification. Halothane was placed in the ether vaporizers. The expiratory valve at the face mask was used to allow any excess gases to leak off; all other leaks in the circuit were eliminated.
The pump representing the patient's respiration was an electrically-driven piston pump, with adjustable stroke and variable speed. This gave an approximately sine-wave pattern of respiration of adjustable tidal volume and rate.
The sampling and analysis circuit is shown in figure 1, a. A voltage stabilizer supplied a steady voltage to the katharometer, and a direct reading of halothane concentration was obtained on a galvanometer. A sampling flow through the analysis circuit was produced by inserting a resistance to air flow in the "trachea" (X in figure 1 , b). The pressure drop across this produced a sampling flow through the katharometer during "inspiration". Flow during "expiration" was prevented by one-way valves (Y and Z). Soda lime was placed in the analysis circuit to absorb any carbon dioxide not removed by the absorber in the anaesthetic circuit, and also to keep constant the humidity of the vapour sample to the katharometer. The reference gas was oxygen.
At the beginning of each set of experiments, the zero was adjusted with oxygen passing through both sides of the katharometer. The galvanometer was then calibrated by passing oxygen via a sintered glass filter through halothane in the conical flask, so that halothane vapour saturated at a known temperature entered the analysis circuit. The concentration of this saturated vapour was calculated from a formula supplied by Messrs. I.C.I., Ltd.,* and the sensitivity of the galvanometer adjusted. This calibration was checked in the same way at the end of each set of experiments, usually 2 to 3 hours but not more than 5 hours from the start. The change in sensitivity was always found to be less than 5 per cent of the total concentration, and the readings were corrected on the assumption that the rate of change was constant. Because of this small change in sensitivity, the procedure was simplified for the subsequent laboratory experiments with the vaporizer out- The M.I.E. Circle Absorber used throughout these investigations is the model prior to the recently introduced "Lincoln 800".
side the circuit, and all the observations in the operating theatre, by carrying out the calibration procedure only once at some time during each day. Zero drift was checked and adjusted halfhourly. The temperature of the laboratory was kept at 23±0.3°C (73.4±0.5°F). The effect on "inspired" concentration of each of the following variables was investigated in turn:
1. Time from the start of the experiment. 2. Tap setting on the vaporizer. 3. Total fresh-gas flow into the circuit. Flows of 300 ml, 1000 ml and 3000 ml/min were used. A steady flow of 200 ml/min of carbon dioxide was added to the expiratory side of the anaesthetic circuit. This heated the soda lime in the absorber and hence the liquid in the vaporizer, thus reproducing conditions in the operating theatre. In addition, by its removal from the gases circulating in the circuit, the uptake of a comparable amount of oxygen by the patient was simulated. The rest of the total fresh-gas flow was made up with oxygen (100 ml, 800 ml and 2800 ml/min respectively). 4. Minute-volume ventilation:
(a) 9 l./min (tidal volume 500 ml at a rate of 18/min). (b) 5.4 l./min (300 ml, 18/min). (c) 3.3 l./min (300 ml, 11/min). Readings of the halothane concentrations were taken at 1-minute intervals for 20 minutes. At the end of each individual experiment the anaesthetic circuit was flushed with a high flow of oxygen to remove the halothane before starting the next experiment.
Results
Examples of the effect of changes in the above four variables on the "inspired" concentrations of halothane in the three circuits are shown in figures 2-5.
1. Time. In all the graphs there is an initial rapid rise in concentration which gradually flattens out. In most cases, within 20 minutes, the concentration has either risen above 10 per cent or has levelled out at some lower concentration. Figure 2 shows that the curves for the M.I.E. are still rising fairly steadily after 20 minutes, whereas those for the Marrett and the Boyle Mark II are by that time almost flat. This is because in the M.I.E. the circulating gases have a very short path from the soda lime canister to the vaporizer ( fig. 1, d) , so that the heat from the canister gradually warms the liquid halothane in the vaporizer.
2. Tap settings. Figure 2 shows the effect on inspired concentrations of various positions of the control taps. As the tap is opened, the inspired concentration increases, but the increase is by no means proportional to the amount of movement of the tap, nor do the three taps provide the same range of concentrations for similar movements of the taps.
In figure 3 the concentrations obtained with different tap settings are related to the angle through which the control tap moves. This shows that the taps on these three vaporizers produce 
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Laboratory experiments (V.l.C). The effect of various tap settings on the inspired concentration of halothane in the three vaporizers. Fresh-gas flow 1000 ml/min, ventilation 54 l./min in all cases. The numbers on the curves correspond to the tap settings.
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DEGREES OF ROTATION FIG. 3 The relation of the degree of rotation of the vaporizer taps to the inspired concentration of halothane, in the laboratory and in the operating theatre (V.I.C.). Fresh-gas flow 1000 ml/min both in the laboratory and in the operating theatre; ventilation 54 l./min in the laboratory, 4-6 l./min in the operating theatre. marked increases in the inspired concentration with a small movement of the tap when an anaesthetic such as halothane is used.
It must be stressed here that these are laboratory experiments without a patient, where the factor of uptake by the patient does not exist. The concentrations of inspired halothane shown are therefore higher than those in the operating theatre, and, for comparison, figure 3 also shows concentrations found in the operating theatre for some of these tap settings, with a fresh-gas flow of 1000 ml/min and ventilation of 4-6 l./min.
3. Fresh-gas input. The point of entry of the fresh gas is different in the three circuits ( fig.  1, b-d ), but the effect of increasing the fresh-gas flow is always to reduce the concentration of halothane vapour inspired by the "patient" (fig. 4) .
If the fresh-gas flow is zero, the gas in the breathing circuit recirculates indefinitely. Each time it passes through the vaporizer, it picks up more halothane vapour until eventually all the gas in the circuit reaches the saturation concentration of halothane at the temperature in the vaporizer. At room temperature this is approximately 35 per cent. At the other extreme, if the fresh-gas flow is much larger than the minute-volume ventilation, the reservoir bag hardly fluctuates in size, and practically the whole of the patient's expirations therefore escapes through the expiratory valve. There is therefore little or no recirculation within the circuit and the patient inspires gas which has passed only once through the vaporizer ( fig. 1, b) or has even reached him direct from the flowmeters ( fig. 1, c, d ). 
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Laboratory experiments (V.I.C.). The effect of various fresh-gas flows on the inspired concentration of halothane in the three vaporizers. Ventilation 5.4 l./min. The low curve for the 3000 ml/min flow in the M.I.E. is due to the position of the fresh-gas input in this circuit; at high flows much of the "inspiration" consists of fresh gas only. Figure 4 shows a range of practical intermediate conditions.
The initial peaks in the curves for a 3 L/min fresh-gas flow in figure 4 are attributed to the vapour which accumulates between experiments above the liquid anaesthetic inside the vaporizer, and is released into the circuit when the vaporizer is first turned on (Mapleson, 1957) . At lower fresh-gas flows the peak is swamped by the rapid rise in concentration.
4. Minute-volume ventilation. In these anaesthetic circuits the vaporizer is within the anaesthetic system. Vaporization is effected by the patient's ventilation. Therefore if the ventilation increases, the rate of vaporization increases. Vapour begins to accumulate in the circuit and the circuit concentration begins to rise. However, as it rises, and if the fresh-gas input is above basal flows, so the rate of loss of vapour through the expiratory valve also rises, until the rate of loss again equals the rate of vaporization. Equilibrium is re-established at a higher inspired concentration. The increase of inspired concentration with an increase of ventilation is illustrated in figure 5 .
Observations made in the Operating
Theatre (V.I.C.) The apparatus was the same as that used in the laboratory, except, of course, that carbon dioxide from a cylinder was not added. A continuous sample was taken from the inspiratory side of the breathing circuit by means of a pump set to produce a sampling flow of 800 ml/min, since the resistance used in the laboratory to drive a sample to the katharometer could not be used in the theatre. The sample was returned to the inspiratory side just proximal to the patient.
Anaesthetic method.
Premedication was with morphine and atropine in appropriate dosage, with an additional 0.6 mg atropine intravenously just prior to induction of anaesthesia. Thiopentone (200-400 mg) was followed by suxamethonium (30-50 mg). The vocal cords were sprayed with 4 per cent lignocaine, a cuffed endotracheal tube was inserted and connected to the breathing circuit. In all cases breathing was spontaneous.
A high flow of oxygen was used until the galvanometer reading was zero, thus indicating that the air in the apparatus and nitrogen from the patient had been eliminated from the circuit. This was found to take 4 to 5 minutes, and thereafter the oxygen was turned down to the chosen fresh-gas flow and the vaporizer tap opened.
Results.
Figures 6-10 are typical of the records obtained from a number of patients, using the same three circle absorbers as in the laboratory experiments. In each case, the inspired concentrations of halothane are plotted against time in minutes after the opening of the vaporizer tap. The minutevolume ventilation figures (in l./min) were obtained by taking readings at 1-minute intervals from a Drager Volumeter placed in the inspiratory side of the circuit; these actual readings were corrected for the inaccuracies in the Volumeter which occur at low ventilations, and the final
Theatre observations (V.I.C.). Inspired concentrations of halothane obtained with a Marrett vaporizer, showing the effect of changes in the tap setting, with a fresh-gas flow of 300 ml/min. figures shown in the graphs were obtained by successive 5-minute averages of the corrected readings.
Figures 6-10 show the concentration of halothane inspired by the patient at various tap settings, and illustrate the narrow range of movement of the taps covering the whole of the clinical range of concentrations of halothane.
The effect of changes in the fresh-gas flow is shown in figures 9 and 10; the increase in inspired concentration with a reduction in the fresh-gas flow is well shown.
The effect of changes in ventilation on the inspired concentration is seen in figure 8 . At the first arrow, a spontaneous increase in ventilation occurred as a result of the stimulus of the start of the operation, and this increased the concentration from 2.2 to 2.8 per cent; when the ventilation fell again, the concentration also began to fall. At the second arrow, the bag was rhythmically squeezed, increasing the ventilation from about 4.5 l./min to 10 L/min; the very steep rise in inspired concentration following this manoeuvre speaks for itself.
The laboratory experiments showed that an increase in ventilation increases the vaporization and therefore the inspired concentration. In the theatre an increase in ventilation similarly causes an increase in the inspired concentration, and therefore in the alveolar concentration; anaesthesia becomes deeper as a result. In addition to these events, the increased ventilation produces an increase in the transfer of anaesthetic to the alveoli, so that the alveolar concentration approaches more nearly to the inspired concentration. This accentuates the effect of ventilation on the depth of anaesthesia.
Because of the higher uptake of anaesthetic by the patient which occurs with higher alveolar concentrations, the measured rise in inspired concentration with an increase in ventilation is not as great as in the laboratory, where there is no uptake.
Conclusions (Vaporizer inside the Breathing
Circuit)
1. Time. In both the laboratory and the theatre, the inspired concentration increases very rapidly at first, but within 10 minutes begins to flatten out, and in most cases reaches a steady level by 20 minutes. A progressive "build-up" of inspired vapour concentration does not occur even in the laboratory unless a truly closed circuit with basal fresh-gas flows is used, when it builds up towards the saturation concentration of halothane (35 per cent at room temperature). With higher fresh-gas flows the inspired concentration reaches a steady level at some level lower than the saturation concentration within 10-20 minutes.
In the operating theatre, even with basal freshgas flows, a steady level is reached in the same time. Halothane is being taken out of the circuit by the patient, and therefore equilibrium is reached between the amount of halothane added to the circuit from the vaporizer, and the amount being taken up by the patient. A "buildup" of inspired concentration could only occur when the patient is saturated with halothane, and therefore not removing any from the circuit. Experiments on the uptake of halothane (Duncan and Raventds, 1959) indicate that saturation of the body would only be reached after many hours; similar observations on other anaesthetics show that the same is true for them (Haggard, 1924; Severinghaus, 1954) . The magnitude of this steady level depends on the several factors described in this paper. It does not necessarily fall within the acceptable clinical range (Mushin and Galloon, 1960) .
2. Tap setting. An increase in the tap setting increases the inspired concentrations. In the laboratory, the different makes of vaporizer all show the same restricted range of control over the inspired concentrations; in the theatre, however, there appears to be some difference in the fineness of the control in the different vaporizers (see fig. 3 ). Two vaporizers of the same make may also produce slightly different inspired concentrations at the same tap setting.
3. Fresh-gas flow. An increase in the freshgas flow reduces the inspired concentration. This can be regarded as due to a dilution of the anaesthetic vapour in the circuit by the higher freshgas flow, or to a greater rate of escape of anaesthetic vapour through the expiratory valve; this must necessarily occur at fresh-gas flows greater than basal.
4. Minute-volume ventilation. An increase in the minute-volume ventilation increases the vaporization of the anaesthetic and therefore the inspired concentration.
Absorption of anaesthetic by rubber.
A sharp initial peak of high concentration can be seen in figures 7 and 9. This has already been referred to in the laboratory experiments, and has also been reported with trichloroethylene vaporization (Mapleson, 1957) . The high rate of absorption of trichloroethylene by the rubber in the anaesthetic circuit prevents this initial high concentration reaching the patient. The absorption of halothane vapour by rubber is, however, much lower, so that the initial high concentration is delivered to the patient. Since the circuit is dosed, it is some minutes before this peak is dissipated. This effect is particularly well shown with the Marrett because the volume above the liquid in the vaporizer is the largest of the three.
VAPORIZER OUTSIDE THE BREATHING CIRCUIT
Laboratory Experiments Meihod.
The absorption circuit used was a Waters to-and-fro system; the vaporizer was a standard Boyle trichloroethylene bottle containing 75 ml of halothane ( fig. 11 ). The fresh gases (oxygen and carbon dioxide) were passed through this bottle and entered the circuit close to the expiratory valve. Before starting the experiments, the Boyle bottle was calibrated in terms of the per- centage saturation of the issuing vapour for a range of tap settings and fresh-gas flows, the plunger being kept at a constant distance of 7 mm above the surface of the liquid. The concentration obtained at any time could then be estimated from the calibration and a knowledge of the tap setting, fresh-gas flow, temperature of the liquid halothane and atmospheric pressure, on the assumption that at any particular tap setting and flow rate, the vaporizer always delivers vapour at the same degree of saturation. A small pump (A), set at a flow of 800 ml/min, delivered a continuous sample to the katharometer from a point between the reservoir bag and the Waters canister; the sample was returned to the patient side of the expiratory valve. The second pump (B), set at a flow of 3000 ml/min, ensured thorough miring of the gases and vapours in the circuit.
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The rest of the apparatus and the procedure was as already described for the vaporizer inside the breathing circuit, and again the effect of the following variables was determined:
1. Time from the start of the experiment. 2. Tap setting (i.e. different input concentrations). 3. Fresh-gas flow: as before, 200 ml/min of carbon dioxide was added to the circuit, and made up with oxygen to total fresh-gas flows of 500 ml, 1000 ml and 3000 ml/min. 4. Minute-volume ventilation: 9, 5.4 and 3.3 L/min.
Results.
The effect of these four variables on the "inspired" concentration is shown in figures 12-15. The input concentration referred to in the graphs is the concentration of halothane in the fresh gases delivered to the circuit close to the expiratory valve.
1. Time. Figure 12 shows the inspired concontrations of halothane with two different input concentrations, the fresh-gas flow being 1000 * The method of sampling differed from that used in the laboratory experiments with the vaporizer inside the breathing circuit, because by this time the method of continuous sampling had been evolved for use in the operating theatre. It was felt that any errors introduced by using this in the laboratory with the vaporizer out of the breathing circuit would be small (certainly less than 5 per cent of the input concentration) and, of course, systematic. ml/min in each case. In the absence of uptake of halothane by the patient, the inspired concentration increases rapidly at first, and then more and more slowly; within 20 minutes, the inspired concentration has settled at a steady level which is above that of the input concentration. A source of variation in the results was found to be the absorption of halothane by the rubber in the anaesthetic circuit. In the first experiment of any day, the inspired concentration increased rather more slowly than in a similar experiment after the rubber had been exposed to halothane for some time and had, presumably, become saturated. Because of this, the graphs shown in figures 12 and 13 refer to experiments where the rubber had become saturated with halothane, whilst those
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INPUT 3-5% INPUT 7-O% Boyle trichloroethylene bottle type. The effect of the fresh-gas flow is therefore more clearly shown by expressing the inspired concentration as a percentage of the input concentration. Figure 14 shows that the higher the fresh-gas flow, the more rapidly does the inspired concentration increase, but the lower is the final steady level.
The explanation for this is as follows. At the start of the experiment, the circuit concentration is low, so that loss of anaesthetic through the expiratory valve is negligible. The rate of increase of concentration in the circuit is therefore proportional to the rate of input, and therefore to the fresh-gas flow. For example, 500 ml/min of 5 per cent halothane in oxygen will carry 25 ml/min of halothane vapour into the circuit, whilst 3000 ml/min of 5 per cent halothane in oxygen will carry 150 ml/min of halothane vapour. in figures 14 and 15 refer to experiments performed when the rubber had not been exposed to halothane for some hours. A comparison of figure 13 with the middle graph of figure 14 (5.4 l./min, fresh-gas flow 1000 ml/min), shows that this effect is quite appreciable. 2. Tap settings. If the inspired concentrations shown in figure 12 are expressed as a percentage of the corresponding input concentrations ( fig.  13) , it can be seen that the rate of increase of inspired concentration, and the final steady level reached, are both independent of the input concentration (tap setting), at least over tie range 3.5 per cent to 7 per cent.
3. Fresh-gas flow. The wide range of freshgas flows used in this part of the experiment produces appreciable differences in the concentration of halothane leaving a vaporizer of the However, as the circuit concentration increases, the loss of vapour through the expiratory valve becomes appreciable. Eventually (usually within 20 minutes), a steady level will be reached in which the rate of loss of anaesthetic from the circuit is equal to the rate of input. Figure 14 shows that this steady level also depends on the total fresh-gas flow. If this is very large, the circuit is well flushed with fresh gas; the removal of the 200 ml/min of carbon dioxide (simulating the oxygen uptake of the patient) is a negligible part of the fresh-gas flow, so that the inspired concentration equals the input concentration (the circuit is therefore in effect a non-rebreathing one). If the fresh-gas flow is low, the simulated uptake of oxygen represents an appreciable fraction of the input flow, and halothane is left to "accumulate" in the circuit. The lower the fresh-gas flow, therefore, the higher is the final steady level.
If the fresh-gas flow is 1000 ml/min, the final level of the inspired concentration is about 125 per cent of the input concentration, and if it is 3000 ml/min, the final level is about 107 per cent. A brief theoretical consideration gives the reasons for these laboratory figures. If the input flow is 1000 ml/min at, say, 4 per cent halothane, this contains 40 ml/min of halothane vapour. Two hundred ml/min of this flow consists of the added carbon dioxide, which is absorbed by the soda lime. The loss through the expiratory valve is therefore 800 ml/min, which, when the steady level is reached, must contain 40 ml/min of halothane vapour; the loss is therefore at a concentration of 5 per cent. This concentration must be the concentration in the circuit, or the inspired concentration, which is therefore 125 per cent of the input concentration. Similar calculations for fresh-gas flows of 500 and 3000 ml/min show that the final steady levels are 166 per cent and 107 per cent, respectively, of the input concentration.
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4. Minute-volume ventilation. Variations in ventilation would only affect the inspired concentration if the patient extracted halothane from the circuit. Figure 15 shows that in the laboratory the rate of increase of inspired concentration and the final steady level reached are not affected by changes in minute-volume ventilation.
Observations made in the Operating
Theatre (V.O.C.) Method.
The apparatus used was again the same as that in the laboratory experiments with the vaporizer outside the breathing circuit-a Waters to-andfro absorption system, with oxygen passing through a standard Boyle trichloroethylene bottle containing 75 ml of halothane; the oxygen and halothane entered the circuit near the expiratory valve close to the patient. The sampling and mixing arrangements were also the same as in the laboratory.
Induction of anaesthesia was the same as that described in the section on theatre observations with the vaporizer inside die breathing circuit.
Results.
Figures 16-18 show the effect on the inspired concentration in three patients of changes in the tap setting, fresh-gas flow, and minute-volume ventilation.
1. Tap setting. In figure 18 , an input of 4-| per cent halothane with 500 ml/min of oxygen produces an inspired concentration of about 2 per cent, whilst in figure 16 an input of 1\ per cent produces an inspired concentration of 3 per cent. In the laboratory experiments, whatever the input concentration, the inspired concentration settled to a steady level which was in all cases above the input concentration. In the theatre the important difference is that the patient is removing anaesthetic from the circuit, and the final steady level is reached in about 10 minutes when the rate of uptake of anaesthetic by the patient equals the rate of input from the vaporizer.
It can be seen from the figures that this steady level of inspired concentration is below that of the input concentration, and it will remain so as long as the patient continues removing anaesthetic from the circuit.
2. Fresh-gas flow. Figure 17 shows that a decrease in the fresh-gas flow from 1000 to 500 ml/min (with the same tap setting) increases the concentration of halothane leaving the Boyle bottle. In spite of this higher input, however, the inspired concentration falls from about 4 per cent to 2\ per cent. This is in contrast to the laboratory experiments, where lower fresh-gas flows produced higher "inspired' concentrations. In the operating theatre, halothane is taken up by the patient more rapidly than oxygen in relation to its concentration; therefore it is now the oxygen that "accumulates" in the circuit. This effect is most marked at low fresh-gas flows; at high flows the circuit is well flushed and the effect is negligible.
3. Minute-volume ventilation. The effect of changes in ventilation can be seen in figure 16 . With the vaporizer outside the breathing circuit, changes in minute-volume ventilation have no effect on the rate of vaporization of the anaesthetic. An increase in ventilation produces an improved transfer of anaesthetic to the alveoli, so that there is a smaller difference between the circuit (inspired) and alveolar concentrations. In general this appears partly as a rise in the alveolar concentration (and hence an increase in the rate of uptake of anaesthetic by the patient), and partly as a fall in the inspired concentration (due to the increase in the rate of uptake) (Mapleson, 1960) . 
Conclusions (Vaporizer outside the Breathing
1. Time. A progressive "build-up" of inspired concentration does not occur in these circumstances for the same reasons as in the case of the vaporizer inside the breathing circuit. From figures 16-18 it is clear that a steady level of inspired concentration is reached within 10-20 minutes, even with very low flows.
2. Tap setting. Changes in the input concentration (tap setting) produce proportional changes in the rate of increase of inspired concentration, and in the final steady level reached. In the laboratory this steady level is in all cases above the input concentration; in the theatre it is below the input concentration as long as the patient continues extracting halothane from the circuit.
3. Fresh-gas flow. In the laboratory, the lower the fresh-gas flow, the slower is the initial increase in the inspired concentration, but the higher is the final steady level reached. In the theatre, the lower the fresh-gas flow, the lower is the inspired concentration, despite any increase in input concentration that may occur in simple vaporizers like the Boyle bottle when the freshgas flow is reduced.
4. Minute-volume ventilation. An increase in ventilation reduces the inspired concentration in the operating theatre, and vice versa, unlike the laboratory, where changes in ventilation have no effect on the inspired concentration.
SUMMARY
The effect, on the concentration of halothane inspired, of variations in time, tap setting, freshgas flow, and minute-volume ventilation has been studied in the laboratory and in the operating theatre for the two types of closed circuit. Table I summarizes the effect on the inspired concentration of changes in these factors in the operating theatre.
Although the effects of the above changes have been described throughout in terms of halothane concentration, the general principles outlined and the conclusions drawn apply to the vaporization of any liquid anaesthetic with a high enough rate of uptake in these types of anaesthetic systems. 
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